Abstract. 10-Hydroxycamptothecin (10-HCPT), an indole alkaloid isolated from a Chinese tree, Camptotheca acuminate, inhibits the activity of topoisomerase I and has a broad spectrum of anticancer activity in vitro and in vivo. However, its use has been limited due to its water-insolubility and toxicity with i.v. administration. The purpose of this study was to investigate the efficacy, toxicity and proper dosage of 10-HCPT as a single agent by oral administration in the treatment of human colon cancer. 10-HCPT significantly repressed the proliferation of Colo 205 cells at a relatively low concentration (5-20 nM). Flow cytometry analysis and Western blot and apoptosis assays demonstrated that low-dose 10-HCPT arrested Colo 205 cells in the G2 phase of the cell cycle and triggered apoptosis through a caspase-3-dependent pathway. Moreover, following oral administration at doses of 2.5-7.5 mg/kg/2 days, significant suppression of tumor growth by 10-HCPT was observed in mouse xenografts. No acute toxicity was observed after an oral challenge of 10-HCPT in BALB/c-nude mice every 2 days. The results of this study suggest that a relatively low dose of 10-HCPT (p.o.) is able to inhibit the growth of colon cancer, facilitating the development of a new protocol of human trials with this anticancer drug.
Introduction
Colorectal cancer (CRC) is a major cause of mortality in the Western world (1) . For many years, standard chemotherapy for advanced CRC has been based on the thymidylate-synthase inhibitor, 5-FU (2) . Although chemotherapy and radiation therapy have been attempted in either adjuvant or palliative treatments, more effective adjuvant therapy is needed for colon cancer patients. Nearly half of all patients with colon cancer die of metastatic disease after curative surgery. Therefore, developing new therapeutic drugs for colon cancer is a worthwhile task.
Camptothecin (CPT), the active component responsible for the anticancer activity in the extract of the plant, Comptotheca acuminate (3), exhibits a broad spectrum of anti-tumor activity against a panel of solid tumors in animal models. Several CPT derivatives (e.g. CPT-11 and TPT) have been introduced into the clinic (4, 5) . CPT is a TOPO1-targeting anticancer drug which shows high S phase-specific cytotoxicity and induces G2-M cell cycle arrest (6) (7) (8) (9) . Previous studies showed that a replication fork collision model has been proposed to explain the S phase cytotoxicity and it is presumably important for the antitumor activity of CPT. 10-Hydroxycamptothecin (10-HCPT), another derivative of CPT and a natural alkaloid produced by Camptotheca acuminate, has a wide spectrum of anticancer activity in vitro and in vivo and plays the same significant role in TOPO1-targeting as CPT (10-13). 10-HCPT has an inhibitory effect on phosphorylation of histone H1 and H3 in murine hepatoma cells, which may be related to its specific cell killing effect (14) , and also exhibits a differentiation inducing effect in human HepG2 cells (15) . 10-HCPT, a promising anticancer agent, has undergone clinical trials including the evaluation of different schedules of administration as a single agent and in combination therapy (16, 17) . Recent clinical studies showed that 10-HCPT was effective on advanced or recurrent solid tumors of NSCLC, CRC and NPC, but myelosuppression was the dose-limiting toxicity and other adverse reactions included nausea, diarrhea and skin rash (17) .
The current drugs mainly used for colon cancer treatment are derivatives from CPT (18) (19) (20) . Although CPT derivatives have been shown to be highly effective in the treatment of colon cancer, the dosage is limited by toxicities (21) . In this regard, drug development is needed to improve chemotherapy for patients with locally advanced or metastatic colon carcinoma. Current drug modification is also essential and important for progress. A low-dose long-term strategy has been reconsidered for cancer treatment and oral administration in the clinic appears to be ideal for chemotherapy patients. To better understand how 10-HCPT can be used clinically to orally treat patients with cancer, we investigated the preclinical pharmacology of 10-HCPT. We explored the in vivo effects, including the evaluation of different schedules of oral administration, of 10-HCPT in BALB/c-nude mice at different doses using human colon cancer Colo 205 xenografts. Drug administration, dosage and duration were discussed regarding the possibility that 10-HCPT could be a better drug for colon cancer treatment through oral administration. Our results demonstrated that 10-HCPT can be safely orally administered and, alternatively, a low-dose long-term treatment. In addition, molecular studies indicated that the drug could arrest the cell cycle at S or G2/M phase depending upon the dosage used. Our results indicated that 10-HCPT significantly reduced the growth of the human colon cell line, both in vitro and in vivo, and has potential as a clinical colon cancer treatment through oral administration.
Materials and methods
Trypan blue exclusion assay. Colo 205 cells (5x10 5 ) (ATCC: CCL-222) were seeded in 25T flasks overnight and then treated without (control) and with 5, 10, 15 or 20 nM of HCPT, respectively. After treatment for 24-120 h, cells were harvested by trypsin-EDTA and then centrifuged at 1,500 rpm for 5 min at 4˚C. The cell pellet was resuspended in culture medium containing 0.04% trypan blue and the viable cells were enumerated by a hemocytometer.
Analysis of cell cycle distribution.
After treatment with 10-HCPT, cells were trypsinized and resuspended in 70% ethanol. The cells were incubated on ice for at least 1 h and resuspended in 1 ml of cell cycle assay buffer (0.38 mM sodium citrate, 0.5 mg/ml RNase A and 0.01 mg/ml propidium iodide) at a concentration of 5x10 5 cells/ml. Samples were stored in the dark at 4˚C until cell cycle analysis, which was carried out by use of a flow cytometer and ModFit LT 2.0 software (Verity Software, Topsham, ME).
Flow cytometry. A FACScan flow cytometer (BectonDickinson, Bedford, MA) equipped with a 488 nm argon laser was used for analysis of cellular function by flow cytometry. Forward and side scatters were used to establish size gates and exclude cellular debris from the analysis. The excitation wavelength was set at 488 nm. The observation wavelength of 530 nm was chosen for green fluorescence and 585 nm for red fluorescence and the intensities of emitted fluorescence were collected on FL1 and FL2 channels, respectively. In each measurement, a minimum of 20,000 cells was analyzed. Data were acquired and analyzed using CellQuest software (BectonDickinson). Relative change in the mean fluorescence intensity was calculated as the ratio between mean fluorescence intensity in the channel of the treated cells and that of the control.
Western blotting. The human colon cancer cell line Colo 205 was cultured in RPMI-1640 supplemented with 10% fetal bovine serum (FBS) at 37˚C in a 5% CO 2 atmosphere. Cells were seeded in a 6-well plate and incubated with various concentrations of 10-HCPT. After 48 h, the treated cells were washed twice with phosphate-buffered saline (PBS), flash frozen in liquid nitrogen, and stored at -80˚C. The harvested cells were lysed in ice-cold report lysis buffer (Promega). After cleaning the resulting lysates by centrifugation, protein in the clear lysate was quantified by Dc Protein Assay Kit (Bio-Rad). Lysate protein (15 μg) was resolved by 10% SDS-PAGE, transferred onto a polyvinylidene difluoride membrane (PVDF membrane, Amersham Biosciences), and immunoblotted with antibodies against the following cellular proteins: DNA topoisomerase I, p53, p27, phosphorylated p27 (Santa Cruz Biotechnology), cyclin E, CDK2 (BD Pharmingen), PCNA, p21 (Upstate) and ·-tubulin (Sigma). The protein content was visualized using a BM chemiluminescence blotting kit (Roche Molecular Biochemicals). The blots were exposed to X-ray film (Fuji) for various times.
Caspase activity assay. N-Acetyl-Asp-Glu-Val-Aps-pNA (DEVD-pNA) cleavage activity was measured using a Caspase-3 colorimetric assay kit (BioVision) according to the recommended protocols. 10-HCPT-treated cells (3x10 6 ) were harvested, resuspended in 50 μl of chilled cell lysis buffer and incubated on ice for 10 min before centrifugation (12,000 rpm for 3 min at 4˚C). The supernatant was collected and the total protein concentration of the supernatant was determined using a Dc protein assay kit (Bio-Rad). Each assay reaction containing 100 μg of cell lysates, 50 μl of 2X reaction buffer supplemented with 10 mM DTT, and 5 μl of the 4 mM of DEVD-pNA (200 μM final concentration) was carried out at 37˚C for 1 h. The formation of p-nitroanilide was detected at 405 nm in a microtiter plate reader.
DNA fragmentation. Briefly, treated cells (2x10 7 ) were centrifuged, and cell pellets were resuspended with NP-40 lysis buffer (1% NP-40 in 20 mM EDTA and 50 mM Tris-HCl, pH 7.5). After lysis of cells for a few seconds, the supernatants were collected (5 min at 31,600 g). The extraction was repeated with the same lysis buffer. Sodium dodecyl sulfate at a final concentration of 1% and RNase at a final concentration of 2.5 μg/μl were added to supernatants and incubated for 2 h at 56˚C. This was followed by digestion with proteinase K (2.5 μg/μl) for 2 h at 37˚C. Then, the mixtures were brought to 10 M ammonium acetate prior to 100% ethanol precipitation for 30 min at -20˚C. The DNA was collected by centrifugation for 10 min at 312,000 g followed by electrophoresis on 1.5% agarose gel and ethidium bromide staining.
Antitumor activity of 10-HCPT in the BALB/c-nu mouse tumor xenograft model. The in vivo experiment was carried out with ethics committee approval and met the standards required by the Guiding Principles in the Use of Animals in Toxicology, which was adopted by the Society of Toxicology in 1989. BALB/c-nu mice were obtained from the National Laboratory Animal Center of the National Applied Research Laboratories (Taipei, Taiwan) and housed in a laminar flow room under sterilized conditions with a maintained temperature of 25±2˚C and a controlled 12-h light and 12-h dark cycle. The Colo 205 cells were harvested and resuspended in serum-free RPMI-1640 medium. Cells were adjusted to 1x10 7 cells/ml, and transplanted 0.1 ml subcutaneously to the flank regions of the mice. Each experimental group included six to seven mice bearing tumors. 10-HCPT was dissolved in propylene glycol and treatment began when the tumor size reached 3-5 mm. 10-HCPT was administered via p.o. once per two or four days at doses of 1, 2.5, 5, 7.5 mg/kg (volume of injection: 0.1 ml/20 g of body weight), respectively. The control group received propylene glycol vehicle once per two days. Tumor size and body weight were monitored twice a week throughout the experiment. The tumor size was measured using a vernier caliper. Tumor volume (V) was calculated according to the formula: V (mm 3 ) = 0.4AB 2 (22) , where A and B are the longest diameter and the shortest diameter, respectively. At the end of the experiment, all mice were sacrificed by CO 2 gas. Tumors, livers, kidneys and lungs were collected, fixed, embedded and stained with hematoxylin and eosin for pathological analysis. G2/M phase and a decrease in the G0/G1 phase. This implied that 10-HCPT might cause cell cycle arrest in Colo 205. In addition, flow cytometric analysis also revealed that the increasing population of Colo 205 in sub-G0/G1 phase was induced by 10-HCPT. The accumulation of cell numbers in both sub-G0/G1 and G2/M phases was shown in a 10-HCPTtreated dose-dependent manner ( Fig. 2F and 2G ). These results suggested that the 10-HCPT-induced suppression of cell growth might result from cell cycle arrest as well as apoptosis.
Results

10-HCPT inhibits
10-HCPT induced cell cycle arrest in the G2/M phase.
The progression of the cell cycle is promoted by various CDKs binding with their respective cyclin partners and inhibited by CDK inhibitors such as p21 and p27. In general, CDK2 in association with cyclin E regulates the G1/S transition, and CDK1 in concert with type-A and -B cyclins controls the G2/M transition. Both cell cycle inhibitory proteins, p21 and p27, block cell cycle progression at the G1/S as well as the G2/M transitions of the cell cycle. Since 10-HCPT led to an accumulation of cells in the G2/M phase, we speculated that the underlying molecular mechanism might involve changes in the expression of cell cycle regulatory proteins. To confirm this speculation, we analyzed the expressions of several cell cycle regulatory proteins by means of Western blot assay (Fig. 3) . Colo 205 cells were treated with different concentrations of 10-HCPT and harvested at 48 h. The proteins of whole cell lysates were resolved on SDS-PAGE and analyzed by Western blot assay. The increasing expression of cyclin E and CDK2 and the decreasing amount of p27 indicated that 10-HCPT did not affect cells by passing the G1/S check-point and entering the S phase. The p21 protein level dramatically increased in a 10-HCPT dose-dependent manner. It resulted in a strong cell cycle G2/M arrest, although the expression of both cyclin B1 and cdc25c was enhanced by 10-HCPT treatment. In contrast, 10-HCPT showed no effect on PCNA A B protein level. Thus, the dose-dependent expressional changes of CDK2, cyclin E, cyclin B1, p21 and p27 corresponded with the 10-HCPT-induced effect on cell cycle progression (Figs. 2 and 3 ).
10-HCPT-induced apoptosis in the Colo 205 cell line.
Because apoptosis always takes place as a consequence of cell cycle blockage, it is possible that 10-HCPT is able to cause cell death through apoptosis pathway. To verify this possibility, we first performed DNA fragmentation assay since DNA fragmentation is a character of apoptosis. The DNA of Colo 205 cells treated with various concentration of 10-HCPT for 48 h was extracted and analyzed by 1.5% native agarose gel electrophoresis. As shown in Fig. 4A , untreated cells showed no DNA ladders whereas DNA ladders were detected in 10-HCPT-treated cells. Increasing the concentration of 10-HCPT resulted in the enhancement of DNA ladders. This result, consistent with the data shown in Fig. 2 , suggested that 10-HCPT is capable of inducing apoptosis in Colo 205 cells. In addition, to further determine whether caspases participate in the propagation of apoptosis induced by 10-HCPT in Colo 205 cells, cell lysates from drug-treated cells were analyzed for the cleavage of p-nitroaniline-tagged peptides DEVD-pNA which represent preferential substrates for caspase-3. Caspase activation leads to the release of pNA that can be monitored by absorbance measurements at 405 nm using a plate reader. With the DEVD-pNA substrate, the absorbance measured after 10-HCPT treatment of the cells for 48 h was clearly higher than that measured in the control (drug-free) lysates (Fig. 4B) . In contrast, with both IETD-pNA and LEHD-pNA substrates, 10-HCPT only stimulated low caspase activation in Colo 205 cells. These results implied that apoptosis induced by 10-HCPT is through the caspase-3-dependent pathway.
In vivo antiproliferation effect of 10-HCPT for human colon cancer cell Colo 205 xenografts. We further examined whether 10-HCPT is effective in growth suppression in vivo after tumor formation. Colo 205 cells were transplanted into BALB/c-nu mice and, when the tumors were palpable (3-5 mm), the mice were treated either with vehicle control or 10-HCPT (1-7.5 mg/ kg, p.o., once per 2 or 4 days). Fig. 5 showed that the tumor volume from control animals showed an average of 300.5±22. animals at day 20 had an average of 273.1±33.7, 228.9±45.3 and 182.9±43.9 mm 3 , respectively (Fig. 5A) . The tumor volume was significantly (p<0.05) decreased in the 5 and 7.5 mg/kg/ 4 days-treated group as compared to the control group at the end of the study. In contrast, the tumor volume from 10-HCPT (1, 2.5, 5 or 7.5 mg/kg/2 days)-treated animals had an average of 221.5±20.3, 85.9±12.3, 60.8±15.4 and 7.2±2.8 mm 3 , respectively (Fig. 5B ). These were significantly (p<0.05) decreased in mice as compared to control groups at the end of the study.
The challenge of 10-HCPT (1-7.5 mg/kg, p.o., once per 2 or 4 days) in nude mice produced no obvious acute toxicity. No significant reduction in body weight was found in 10-HCPTtreated mice, except for in the 7.5 mg/kg/2 days-treated group (Fig. 5B) . In addition, no tissue damage was observed in the liver, lung and kidney after examination of the tissue slices stained with hematoxylin and eosin (data not shown).
Discussion
The purpose of the present study was to explore the potential use of low-dose 10-HCPT in the treatment of human colon cancer. We demonstrated that treatment of 10-HCPT, both in vitro and in vivo, is able to repress the growth of colon cancer cells. Moreover, the most important finding of our results is that the anticancer activity of 10-HCPT can be decreased to nM scale. Following the oral administration of low-dose long-term 10-HCPT, significant anticancer effects and almost remission of human colon cancer xenografts in mice were found. This study may be improve the usage of 10-HCPT in the clinic.
In Colo 205 cells, 10-HCPT significantly repressed the cell proliferation at a relatively low concentration (5-20 nM) compared to previous studies (Fig. 1) . The effect of low concentration 10-HCPT was shown in both a dose-and timedependent manner. These results implied the potent antitumor activity of low-dose 10-HCPT clinically. 10-Hydroxycamptothecin (10-HCPT) is the inhibitor of topoisomerase I. Previous studies demonstrated that sensitivity to topoisomerase I poisons is associated with alterations of cell cycle check-point pathways (23) . Using flow cytometry analysis, we showed that exposure to various low doses of 10-HCPT, from 5 nM to 20 nM, caused an increase in the G2 cell cycle arrest of Colo 205 cells (Fig. 2) . Since regulation of the cell cycle is controlled by the activity of CDK/cyclin complexes, the expression of CDK, cyclin and CDK inhibitors (CKIs) were examined. Although the expression of cyclin E and CDK2 increased after 10-HCPT treatment, the production of p21, a CDK inhibitor that may associate with the CDK2/cyclin E complex and inactivate CDK2/cyclin E, was enhanced by 10-HCPT through the activation of p53 (Fig. 3) . Therefore, G2 cell cycle arrest was observed with the administration of low-dose 10-HCPT. In contrast, the decreasing of p27, accompanied by the increased formation of phosphorylated p27 that was targeted by the SCF complex and degraded through the ubiquitination pathway, indicated that Colo 205 cells were capable of passing the G1 check-point (Fig. 3) .
In addition, the accumulation of sub-G0/G1 phase cells and DNA fragmentation, both indicating the occurrence of apoptosis, was detected in 10-HCPT-treated Colo 205 cells (Figs. 2 and 4A ). The only known cellular target for 10-HCPT and its analogs is topoisomerase I. These agents trap the topoisomerase I-cleavage complex by inhibiting their religation and, as a consequence, generate DNA damage resulting in apoptosis (24) . In mammalian cells, DNA damage leads to the activation of p53, which stimulates the transcription of a number of genes including CKI proteins and apoptotic proteins (25) (26) (27) (28) . Our results suggested that low-dose 10-HCPT is able to function as a potent inducer of apoptosis in Colo 205 cells. The induction of apoptosis is associated not only with the change of cell cycle and DNA fragmentation, but also with the activation of caspases. To investigate the signals triggering apoptosis by 10-HCPT, caspase activity assay was performed and the results showed that 10-HCPT-induced apoptosis is a caspase-3-dependent pathway (Fig. 4B) . However, the activity of caspases 8 and 9 did not increase as much as that of caspase 3. We, therefore, could not exclude the possibility that caspases 8 and 9 participate in 10-HCPTinduced cytotoxicity, and wonder whether the poisoning of 10-HCPT is through mitochondrial activation. A relatively low dose of 10-HCPT in Colo 205 cells is able to inhibit the growth of cancer cells and trigger apoptosis.
10-Hydroxycamptothecin (10-HCPT) exhibits anticancer activity on several tumor cell lines and xenografts. Previous pharmacokinetic studies indicate that 10-HCPT has a short distribution half-life and a prolonged elimination half-life, and the dose-dependent toxicity was observed with i.v. administration of 10-HCPT (29) . It can be best administered as a loading dose followed by a maintenance dose every other day. Since large amounts of drug were excreted within a short period following i.v. administration, possible side effects on renal function may be observed, especially in the early phase of drug disposition (29) . Human colon cancer cells are efficient in drug conjugation catalyzed by UDP-glucuronosyltransferases (UGTs). Regarding the role of glucuronidation in de novo resistance to two topoisomerase I inhibitors, it has been recently shown that drug conjugation catalysed by UDPglucuronosyltransferases (UGTs) functions as an intrinsic mechanism of resistance to the topoisomerase I inhibitors, 7-ethyl-10-hydroxycamptothecin and NU/ICRF 505, in human colon cancer cells (30) . Regarding the role of drug transport in this mechanism, increased cellular retention of low-dose CPT occurs (31) . As a consequence of more prolonged exposure, enhanced growth inhibitory activity was observed in several human colon cancer cell lines (32) . Previous study also suggested that oral administration may be optimal for drug delivery of the water-insoluble CPT analogs (11) . Based on these results, the alternative route, oral dosing of 10-HCPT, was used in this study with a low-dose long-term administration strategy. Our results demonstrated tumor growth suppression by 10-HCPT in nude mouse xenografts following oral administration at a low-dose (Fig. 5) . The challenge of 10-HCPT in mice produced no obviously acute toxicity. This result agreed with the in vitro study of Borovitskaya and D'Arpa (32) , and in vivo study of Zhang et al (11) . We conclude that 10-HCPT can be administered orally and a long-term low maintenance dose of 10-HCPT is the best administration strategy to achieve maximal anticancer effects. The results of this study should be a useful reference for future clinical human colon cancer therapy.
